A B S T R A C T To study the influence of hypometabolism on evolving myocardial infarction in a model with intact autoregulation, we investigated 53 awake dogs after coronary artery occlusion. Severe hypothyroidism was induced by the intravenous administration of 1311. Animals were instrumented to obtain hemodynamic measurements, and regional myocardial blood flow was measured with radioactive microspheres. Infarct size was determined by the creatine kinase depletion method, and dysrhythmia analysis was performed from 24-h Holter monitor tapes in animals matched for infarct size. The microarchitecture of hypothyroid myocardium was determined by the electron microscope. Before coronary occlusion, mean systemic pressure in hypothyroid dogs was reduced by 14% and cardiac output reduced by 32%, with no change in left ventricular end-diastolic pressure, first derivative of left ventricular pressure rise, (dP/dt), or heart rate. After coronary occlusion, there was deterioration in hemodynamic measurements in both groups, with lower absolute levels of mean systemic blood pressure and cardiac output obtained in hypothyroid dogs. Hypothyroidism was detrimental to evolving infarction with a 36% increase in infarct size present in hypothyroid dogs (30±2%) compared to euthyroid controls (22±3%), P < 0.05. Dysrhythmias were more severe in hypothyroid dogs. There were no changes in the relationship between regional myocardial blood flow and the extent of infarction after coronary occlusion. Abnormalities in microarchitecture were present in hypothyroid dog myocardium. Severe hypometabolism in this model was associated with alterations in hemodynamics, more severe dysrhythmias and changes in microarchitecture. The combined effect of
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INTRODUCTION
In previous years, before the availability of many of the newer drugs for angina pectoris, the beneficial influence of hypothyroidism on ischemic myocardium was described in patients (1) (2) (3) . However, improvement of angina after induction of hypothyroidism may have been due to other factors such as reduced activity or placebo effects, since controlled studies were not performed, and other similarly dramatic treatments were found to have a strong placebo influence (4) . Whether hypometabolism induced by hypothyroidism is actually beneficial to ischemic myocardium, and whether the intervention can limit the amount of evolving myocardial necrosis has never been established in an experimental model. Hypothyroidism creates a hypometabolic situation that may be beneficial to ischemic myocardium by reducing myocardial energy requirements (5) . This mechanism differs from the majority of interventions designed to be beneficial to ischemic myocardium, which have indirectly attempted to reduce energy demands by altering hemodynamic parameters such as left ventricular contractile state (6) , afterload (7), or by improving coronary blood flow (8) . On the other hand, hypothyroidism may result in a detrimental influence by impairing metabolic pathways (9), or by causing unfavorable hemodynamics (10) . Some attempts designed to reduce infarct size have focused on altering the availability of metabolic substrate (11, 12) . However, alteration of metabolic rate, such as possible with alteration in thyroid function, is difficult to accomplish clinically.
The study of hypometabolism on evolving infarction is important both from a theoretical and a practical viewpoint since future pharmacological approaches may attempt to directly reduce metabolic rate. We, therefore, investigated the effect ofhypometabolism in-duced by reduced thyroid availability on evolving acute myocardial infarction in chronically instrumented awake, unsedated dogs. We studied the effects of hypothyroidism on: (a) the hemodynamic response to acute coronary occlusion, (b) the extent of myocardial damage as estimated from creatine kinase (CK)1 depletion, (c) the distribution of regional myocardial blood flow, (d) the severity of postocclusion dysrhythmias, and (e) the electron microarchitecture of myocardial tissue in our preparation.
METHODS Animal preparations. Hypothyroidismii was induced in 20
dogs by intravenous administration of20 mCi 1311. This method ofproducing hypothyroidism has advantages to thyroidectomv in the dog because this species has abundant extrathyroidal, thyroid tissue, the presence of which frequently results in incomplete surgical removal of thyroid tissue (13) . 45 d after 131I administration, thyroid function was determined using 1251_ thyroxine radioimmunoassay (Corning Glass Works, Science Products Div., Corning, N. Y.). This test has been previously shown to be a reliable index of thyroid function in the dog (14) . After induction of hypothyroidism documented by thyroid function and a significant weight gain, 17 of these animals and 30 euthyroid controls underwent surgical instrumentation. Three euthyroid controls and three hypothyroid animals were not instrumented and were used for electron microscopic studies.
Dogs were anesthetized with 15 mg/kg thiopental, intubated, and given halothane (0.05%) and oxygen (100%). A left thoractomy was performed; the heart was suspended in a pericardial cradle. In 16 euthyroid controls (control group A) and 17 hypothyroid dogs, the left anterior descending coronary artery was dissected free beyond the first medial branch, 20 mm from the origin of the artery. A 00-silk suture was placed loosely around the vessel and both ends of the suture exteriorized and secured to the skin through a polyethylene tube (PE 240). In 14 euthyroid dogs, larger infarctions were produced by higher occlusion (control group B). A Konigsberg (P-22) catheter tipped manometer (Konigsberg Instruments, Inc., Pasadena, Calif.) was placed in the left ventricular cavity through an apical stab wound. A needle was also placed temporarily in the left ventricle for pressure determinations, thus allowing the calibration ofthe manometer. An electromagnetic flow transducer (Micron Instruments, Inc., Los Angeles, Calif.) was placed around the ascending aorta in an area free of connective tissue and externalized. Catheters were placed in the carotid artery and exteriorized. Exteriorized coronary snares and left atrial catheters were placed in four hypothyroid and four euthyroid dogs (from control group A) for the determination of regional myocardial blood flow.
After the animals recovered from surgery (4-7 d), they were trained to lie quietly on a Estimates ofinfarct size. Estimates ofinfarct size were obtained from the determination of CK depletion (17, 18) . After the animals were killed, the hearts were rapidly excised and blood drained from the chambers. The left ventricle and septum were removed and washed for 1 min in saline at 4°C, blotted dry, weighed, and stored at 30°C. At the time of analysis (within 1 mo), hearts were allowed to thaw slowly. Four transmural samples from nonischemic regions of the posterior left ventricular free wall were homogenated and diluted (10 ml/g) in media consisting of saline, 0.005 M EGTA, and 0.001 MI 2-mercaptoethanol, and centrifuged at 15,000 g for 20 min at 4°C. The remainder of the left ventricle was minced and homogenized in the same medium and also centrifuged. The supernate was analyzed for CK content by the Oliver-Rosalki assay and results expressed at international units per gram of tissue as described (17, 18) . Samples were assayed with and without creatine phosphate, the specific substrate for CK, to exclude activity from other than CK.
Estimates of infarct size were based on analysis of myocardial CK depletion normalized for left ventricular weight. Myocardial CK depletion was determined by subtracting the measured CK activity in the infarcted ventricle (including CK content ofbiopsies) from the expected CK activity obtained by multiplying total ventricular weight by the average CK activity per gram of normal myocarditum. The ratio of depleted myocardial CK to that expected was expressed as the percentage of myocardial CK depleted (17, 18) . This method of determining myocardial infarct size is independent of plasma CK activity, and results correlate with estimates of infarct size based on morphometric (19) , physiologic (18) , and radioisotopic techniques (20) . This approach for estimating infarct size may better account for areas of heterogenous infarction in which histological or morphometric criteria of infarction may be difficult to apply (5) . This method produces relatively uniform infarct sizes with small standard errors, which allow comparisons between groups of animals with modest numbers of experiments (21) . We have previously shown that thyroxine per se does not affect the CK assay (22) . In addition, there are no known circuilating inhibitory or facilitating substances in hypothyroid canine plasma or myocardium (22) . Dysrhythnmia analysis. Since the extent of necrosis is related to the severity ofdysrhythmias (23) , select dogs from control group A (excluding dogs with left atrial catheters) and conHypothyroidism and Myocardial Infarction trol group B were matched for infarct size with the hypothyroid dogs for analysis of dysrhythmias. Holter monitor tapes were analyzed by scanning the tapes and determining the percentage of abnormal beats for each half-hour period.
Myocardial blood flow determination. In the four hypothyroid dogs and four euthyroid dogs in which myocardial blood flow was determined, an average of 10, 1-2 g biopsies from all areas of the left ventricle were minced and packed into glass vials (up to standard height) and counted in a well counter. There was no appreciable overlap between counting spectrums chosen for '4'Cerium and 85 Strontium in standard solutions. The reference sample was also counted and regional myocardial blood flow determined by formulae previously described (15, 16) . In the same biopsies, the extent of infarction was determined by the CK depletion method.
For electron microscopic analysis, biopsies were obtained from three hypothyroid dogs and an additional three euthyroid dogs who had not undergone instrumentation. In these dogs the proximal left anterior descending coronary artery was isolated and cannulated with a 16-gauge catheter, and the heart rapidly perfused with 2.5% phosphate-buffered glutaraldehyde under 200 mm Hg for 5 min. Perfusion fixation improves the preservation of biological ultrastructure (24) . Before the onset of perfusion with fixative, no interruption of blood flow was allowed. Biopsies from the fixed tissue were obtained with a punch drill, and were immediately placed in a 2.5% phosphate-buffered glutaraldehyde for an additional 2 h. After a 3-h rinse with six changes of fresh phosphate buffer, the tissue was post-fixed for 2 h in cold 1% phosphate-buffered osmium tetroxide. Dehydration was accomplished in a graded series of alcohol. After infiltration with propylene oxide, the tissue was placed in a mixture of 1/2 propylene oxide and Y2 araldite at room temperature overnight. The tissue was then embedded in pure araldite in preformed capsules. The blocks of tissue were allowed to cure in the oven at 60°C overnight. The sections were stained with uranyl acetate and lead citrate, and examined with an RCA EMU-3E electron microscope (RCA Electro-Optics & Devices, RCA Solid State Div., Lancaster, Pa.).
Statistics. Three hypothyroid dogs and six controls (two group A, four group B) were eliminated from all data analysis because they died after coronary occlusion and before complete data was obtained. This left 10 animals in the experimental hypothyroid group, 10 animals in control group A, and 10 animals in control group B, for analysis of infarct size, hemodynamics, and dysrhythmias.
Mean+SEM, paired and nonpaired t test, correlation coefficients, linear regression equations, and Fisher's exact probability test were calculated on a Texas Instruments programmable 59 computer with a PC100A printer (Texas Instruments Inc., Digital Systems Div., Houston, Tex.).
RESULTS
Hypothyroidism and infarct size. Intravenous treatment with 13u1 resulted in a 68% reduction in thyroid function as measured by the thyroxine radioimmunoassay. Control values were 2.02±1 ,ug/dl compared to 0.65±+1 ug/dl 45 d after 1311 (P < 0.01). Hypothyroid animals were lethargic and had a weight increase from 17.8+±0.9 to 19.8+±0.9 kg, (P < 0.01) with no change in weight of euthyroid dogs over the same period of time. Despite the increase in total body weight, the left ventricle weight of dogs with hypothyroidism (74+6 g) was no different from left ventricular weight of euthyroid dogs (83+7 g).
The extent of myocardial damage as estimated from CK depletion was 36% greater in the 10 hypothyroid dogs (30+2%) than in the 10 euthyroid dogs of control group A (22 +3%), P < 0.05. There was no evidence that hypothyroidism, per se, affected the activity of myocardial CK since CK activity in noninfarcted hypothyroid myocardium (1,963 ±63 IU/g) was similar to CK activity in noninfarcted euthyroid myocardium (1,874 +73 IUg).
Hemodynamics. The hemodynamics of the hypothyroid dogs during the 1 h before coronary occlusion were compared to the hemodynamics of the euthyroid dogs (control group A). Heart rate in hypothyroid dogs (116±6 beats/min) was similar,to heart rates in euthyroid dogs (120±7 beats/min). Mean systemic pressure was reduced in hypothyroid dogs (81±2.4 mm Hg) in comparison to euthyroid dogs (94±4 mm Hg), P < 0.01. Cardiac output was also reduced in hypothyroid dogs (1,460±70 liters/min) compared to euthyroid controls (2,150±60 liters/min), P < 0.01. This reduction in cardiac output was associated with no change in left ventricular end-diastolic pressure (LVEDP), which was similar in euthyroid and hypothyroid dogs (5± 1, 5±2 mm Hg, respectively).
The first derivative of left ventricular pressure rise dP/dt in hypothyroid dogs (2,066±45 mm Hg/s) was not different than in euthyroid dogs (1,927+81 mm Hg/s). An expected reduction in dP/dt in hypothyroid dogs may have been obliterated by reflex increase in dP/dt due to the reduction in the blood pressure (25) . After coronary occlusion, hemodynamics deteriorated in both euthyroid controls and hypothyroid dogs. Figs. 1-4 show changes in blood pressure, cardiac output, LVEDP, and dP/dt. Blood pressure (Fig. 1 ) and cardiac output (Fig. 2) were reduced by a similar magnitude from preocclusion levels in both groups. However, since preocclusion values were lower in hypothyroid dogs, absolute values after coronary occlusion were lower in hypothyroid dogs (P < 0.01). The lowest mean blood pressure in hypothyroid dogs was 63+6 mm Hg at 10 min after occlusion, and this level was sustained for 10 min (Fig. 1) . LVEDP after occlusion was increased similarly in both groups (Fig. 3) . dP/dt was reduced after coronary occlusion similarly in both groups (Fig. 4) .
Dysrhythmias. 10 euthyroid dogs from control group A and B with matched infarct size to the hypothyroid group were chosen for dysrhythmia analysis. Infarct size in this group averaged 31±2% compared to 30±2% in hypothyroid dogs. Heart rate in the 1 h before occlusion and over the following 24 h after occlusion was similar in both groups with a progressive tachycardia peaking at -12 h (Fig. 5) animals, and possibly the reduced myocardial oxygen consumption reported by others in hypothyroid hearts (26) . 1 h after coronary occlusion, blood flow in both groups was reduced in areas that became infarcted, but not in areas which remained normal (Fig. 7) . The severity of infarction as defined by CK depletion at 24 h after occlusion correlated to the magnitude of blood flow reduction 1 h after occlusion in a similar manner in both hypothyroid and euthyroid dogs. Correlation coefficients between regional myocardial blood flow and CK depletion varied between 0.91 and 0.98 in individual experiments and were not different between groups (Table I ). There was no significant difference in the slope or the y intercept of these regression equations indicating a relative uniform relationship between blood flow and CK depletion in the control and hypothyroid animals, Blood flow in normal areas (CK 5 Heart rate in euthyroid controls ( ) and hypothyroid (-) dogs 1 h before occlusion and for 24 h after occlusion. Infarct size of euthyroid controls was matched to infarct size of hypothyroid dogs (see text). Bars represent SEM. There were no differences in heart rate between euthyroid and hypothyroid dogs. After occlusion tachycardia was present in both groups. Symbols (* and +) indicate P < 0.05 and 0.5, respectively. > 1,500 IU/g), moderately infarcted areas (CK 1,500 IU/ g to 1,000 IU/g), and severely infarcted areas (CK < 1,000 IU/g) were similarly reduced in both euthyroid and hypothyroid dogs (Fig. 7) . Since the relationship between regional blood flow and regional infarction remained unaltered by hypothyroidism, it was unlikely that the detrimental influence of hypothyroidism could be explained on the basis of regional alterations in coronary perfusion after ligation.
Electron microscopy. Myocardium from controls and hypothyroid dogs which had not undergone instrumentation were examined with the electron microscope. Myocardium of control specimens appeared to have normal cytoarchitecture (Fig. 8) . However, mitochondria in hypothyroid tissue appeared to be fewer in number. Some areas of tissue in hypothyroid hearts were devoid of mitochondria (Fig. 9 ). This reduction of density of mitochondria was associated with marked 100-
040-elongated mitochondria that often occupied multiple sacromeres (Fig. 10) . Such unusually elongated, rodshaped bodies in some views appeared to be formed by coalescence of one or more mitochondria and were not seen in euthyroid myocardium.
DISCUSSION
In this experimental preparation, reduction of thyroid availability resulted in a hypothyroid state that was detrimental to ischemic myocardium, and resulted in extension of myocardial infarction. Evidence for the detrimental influence on evolving myocardial infarction by hypothyroidism was greater infarct size as determined by depletion of the intracellular enzyme CK, the reduction in preocclusion hemodynamics with greater absolute deterioration after coronary occlusion, and greater ventricular dysrhythmias compared to eu-TIME (hours) FIGURE 6 Percentage of abnormal beats in euthyroid controls ( ) and hypothyroid (-----) dogs 1 h before occlusion and twenty-four hours after occlusion. Infarct size of euthyroid dogs was matched to infarct size of hypothyroid dogs. Bars represent SEM. There was a greater number of abnormal beats in hypothyroid dogs than euthyroid controls after occlusion (Results). MYOCARDIAL CREATINE KINASE (IU/g) FIGURE 7 Regional myocardial blood flow in euthyroid controls (left) and hypothyroid dogs (right). Blood flow (ml/min per 100 g) was determined in biopsies by the radioactive microsphere technique. In the same biopsies the extent of myocardial damage was established by analysis of CK. Normal areas (CK > 1,500 IU/g) had greater blood flow than border areas (CK 1,500-1,000 IU/g) or infarcted areas (CK < 1,000 IU/g) in both groups. Asterisk indicates P < 0.01. Bars represent SEM. There were no significant differences between normal, border, or infarcted areas when hypothyroid dogs were compared to euthyroid controls.
thyroid controls. These detrimental influences did not change the relationship of regional myocardial blood flow after coronary occlusion to the extent of infarction.
We did not measure changes in global left ventricular blood flow and it is possible that reduction in coronary blood flow had a role in extending the amount of infarction in hypothyroid dogs. The evidence to suggest a reduction of global left ventricular blood flow after coronary occlusion in this hypothyroid preparation include: (a) an unaltered relationship between the extent of infarction, and postocclusion reduction of blood flow in hypothyroid and euthyroid dogs with a greater overall infarct size in hypothyroid dogs, (b) reduction in regional myocardial blood flow in hypothyroid dogs compared to euthyroid controls prior to coronary occlusion, (c) a reduction in driving coronary perfusion pressure (27) by greater reduction in mean systemic pressure and cardiac output after occlusion in hypothyroid dogs, and (d) as reported by others, a reduction in myocardial oxygen consumption in the hypothyroid state (26) , which is known to greatly reduce myocardial blood flow (28) . All of these factors would tend to reduce global coronary blood flow to a greater extent in hypothyroid dogs after coronary occlusion. However, changes in coronary blood flow over the range of changes in perfusion pressure observed in this experiment can be expected to be modest (29) Results of calculation of regression equations: *y = mx + b, where y = blood flow (ml/min-g); x, myocardial CK activity (IU/g); slope (ml/min*gIIU/g); b, y intercept (ml/min*g); r = correlation coefficient.
and may not be detrimental if in response to reduced myocardial oxygen consumption. The findings of a detrimental influence of hypothyroidism on evolving infarction are not consistent with the expected findings ofa beneficial effect based on the hypothesis that hypometabolism caused by reduced thyroid availability would favorably alter the balance between myocardial oxygen consumption and demand by reducing metabolic rate (30) . In part, this may be explainable, since metabolic rate appears to be a minor determinant of oxygen use compared to the energy requirements due to intramyocardial tension, contractile state, and heart rate (31, 32) . It is well established that thyroid hormone has direct and indirect intracellular actions that regulate the rate of metabolism (33, 34) . The alteration of the rate of oxygen consumption may be, in part, independent of the indirect alterations in hemodynamics induced by thyroxine, but nevertheless, these indirect effects may influence oxygen consumption greatly (35) .
It is possible that the severe reduction in thyroid availability caused an unfavorable effect on metabolism by impairing metabolic reactions such as oxidative phosphorylation (9), or protein synthesis (36) . Other factors altered may include myocardial catecholamine sensitivity (37) , turnover (38) , or alteration of binding sites (39, 40) , availability of adenyl cyclase (41, 42) , functioning of the sodium (43), or calcium pump (44) , effects on myosin adenosine (45) , or a variety of other metabolic effects (46, 47) . These metabolic effects may also be related to the morphological abnormalities ob- served on electron microscopy. An additional consideration is that hypothyroidism may interfere with the inflammatory process that may have a role in the containment of necrosis (48) . In this study, the severity of reduced thyroid hormone may have masked a potentially beneficial influence that might have been present with less severe interruption of normal metabolism. The absence of a reduction in first derivative of left ventricular pressure (dPldt) rise, plausibly viewed as one index of contractility is, on first appearance, inconsistent with in vitro studies which have shown a reduction in contractile function of hypothyroid papillary muscle (49) , or studies in lightly anesthetized hypothyroid dogs which have shown a displacement of the tension-velocity relationship of the left ventricle (50) . In vitro studies are devoid of neural and humoral regulation, and we suspect that the absence of reduced contractility in this conscious canine model may be due to supportive neural and humoral reflexes known to be initiated by reduction in mean systemic pressure. The study of conscious animals without the neural inhibition caused by anesthesia or surgical manipulation may yield different results than preparations devoid of humoral and neural regulation (51) . In this regard, the severe reduction of thyroid function and resulting re- Hypothyroidism resulted in a detrimental influence on ischemic dysrhythmias even when infarct size between the hypothyroid and euthyroid dogs were similar. It was necessary to match infarct size obtained from two control groups to properly account for the effect of infarct size on the severity of dysrhythmias (23) . This detrimental influence ofhypothyroidism is consistent with increasing evidence that ischemic dysrhythmias are associated with significant metabolic abnormalities (52) . The precise mechanism ofthis hypometabolic detrimental influence on ischemic dysrhythmias remains unexplained, but apparently it is not related to the extent of infarction.
We measured the extent of infarction by determining CK depletion measured directly from the heart. In a previous study we demonstrated that the enzyme activity of CK is not dependent on thyroxine, and that the altered plasma levels of CK present in altered states of thyroid function in dogs were the results of alterations of the peripheral disappearance of the enzyme (22) . However in patients, severe myxedema may cause gross cardiac pathology and elevated plasma CK, presumably as a result of intracellular release of both FIGURE 10 An electron micrograph from a hypothyroid dog demonstrating unusual elongated, rod shaped mitochondria. x 16,000. myocardial and skeletal CK (53, 54) . There was no evidence of gross cardiac pathology or myocardial CK depletion caused by myxedema in this study. The deleterious influence of hypothyroidism on the extent of ischemic damage is supported by multiple factors; nevertheless, further studies using additional measures of infarct size, in addition to CK depletion, may be helpful.
Electron microscopic studies suggest that the preocclusion microarchitecture was abnormal. The appearance of reduced number of mitochondria are consistent with the reduced myocardial oxygen consumption present in hypothyroid tissue. Using quantitative mathematical techniques on hypothyroid rat myocardium, others have reported that the membrane area of mitochondrial cristae per unit of myofibrillar volume is reduced in the hypothyroid state and increased in the hyperthyroid state (55) . With thyroxine treatment, the volume of mitochondria increases and additional mitochondria may be present (55) . However, further studies with quantitative morphometric approaches are indicated to confirm the findings of a reduced number of myocardial mitochondria in severely hypothyroid dog myocardium as our findings are qualitative.
Elongated mitochondria such as present in this study have previously been reported in several animal studies of various types of cardiomyopathy (56), but have not been reported in the very limited electron micrographic studies ofhuman hypothyroid hearts (57) . The exact causes of these elongated mitochondria have not been elucidated, although fusion of several mitochondria has been suggested as one possible mechanism (58) . Furthermore, it is not known whether these changes may have lead to a heightened sensitivity to ischemia and, therefore, to a larger infarct size in hypothyroid dogs, or if these elongated mitochondria are related to the severity of hypothyroidism present in this study.
Finally, although hypometabolic interventions may be of potential benefit to evolving myocardial infarction, the results of this study show that one form of hypometabolism, hypothyroidism, resulted in an overall detrimental effect when studied in conscious dogs. We do not suggest from these studies that hypometabolism per se is detrimental to ischemic myocardium since hypothyroidism in this model with intact autoregulation did not result in a pure metabolic intervention. However, the direct and indirect effects of hypothyroidism, including hypometabolism, changes in microarchitecture and hemodynamics, and enhancement of ischemic dysrhythmias, were associated with a detrimental effect of evolving infarction in this conscious animal model. We cannot exclude the possibility that a beneficial metabolic effect was overwhelmed by hemodynamic or other alterations. The precise roles for each of these factors in causing the extension of necrosis has not been defined. This model resembles the clinical situation where interventions directed at a single physiologic endpoint may affect multiple factors (59) . Accordingly, caution should be taken when applying hypometabolic interventions to ischemic myocardium as the beneficial manipulation of one variable that affects ischemic myocardium may lead to an overall deleterious effect by the inadvertent manipulation of the multiple factors that influence ischemic myocardium.
